Invasive nitrogen (N)-fixing plants often fundamentally change key ecosystem functions, particularly Ncycling. However, the consequences of this for litter decomposition, and the mechanisms that underpin ecosystem responses, remain poorly understood. Moreover, few studies have determined how nutrient pools and fluxes shift as invader density increases and whether these effects persist following invader removal, despite the importance of this for understanding the timing and magnitude of invader impacts in ecosystems. We tested how the decomposition rates of four cooccurring grass species were influenced by changes in the density of the globally invasive N-fixing shrub Cytisus scoparius L. (Scotch broom) and whether these effects persisted following invader removal. We used a series of laboratory decomposition assays to disentangle the roles of changes in both litter quality and soil properties associated with increases in broom density. Broom invasion created a soil environment, such as higher rates of net N-mineralisation, which retarded litter decomposition. Litter C/N ratios of co-occurring species decreased as broom density increased, yet this had no effect on decomposition rates. Most relationships between broom density and impacts were nonlinear; this could explain some of the reported variation in invasive species impacts across previous studies that do not account for invader density. Ecosystem properties only partially recovered following invader removal, as broom left a legacy of increased N-availability in both soils and litter. Our findings suggest that invasive Nfixer impacts on soil properties, such as N-availability, were more important than changes in litter quality in altering decomposition rates of co-occurring species.
INTRODUCTION
Plant invasions, particularly by nitrogen (N)-fixing species, are changing the global N-cycle through an increase in ecosystem N pools and fluxes worldwide (Liao and others 2008; Ehrenfeld 2010; Castro-Díez and others 2014) . Native N-fixing plants are likely to have similar influences on ecosystem properties (St. John and others 2012) ; however, Nfixing species frequently constitute a much higher proportion of non-native floras than comparable native floras (Ehrenfeld 2003; Levine and others 2003; Peltzer and others 2016) , suggesting invasive N-fixers may have larger impacts on global N pools and fluxes. These impacts are likely to have significant consequences for ecosystem processes such as litter decomposition (Liao and others 2008; Vilà and others 2011) , which is a crucial part of biologically important nutrient cycles. Decomposition rates largely determine the availability of key nutrients for plant growth and consequently influence plant community composition, net primary production and biodiversity (Wardle and others 2004; Bardgett 2005) . However, we still lack a mechanistic understanding of invasive N-fixer impacts on litter decomposition rates. Such understanding may help to explain the large variation in the direction and magnitude of invasive species impacts in ecosystems (Vilà and others 2011; Castro-Díez and others 2014) . Further, the role of invasive species density in determining their impact is also poorly understood (Yokomizo and others 2009; Ehrenfeld 2010; Vilà and others 2011) because the majority of invader impact studies use end-point comparisons, which compare imprecisely defined ''heavily'' invaded sites with uninvaded sites (Ehrenfeld 2010; Jackson and others 2014) . These knowledge gaps, along with a paucity of information on the persistence of impacts following invader removal (Von Holle and others 2013) , are hindering effective management of invaded ecosystems (Hulme and others 2013) .
The impacts of N-fixing invaders on decomposition rates are likely driven by several mechanisms. Firstly, invasive N-fixers often increase inorganic N concentrations and N-mineralisation rates in the soil (Liao and others 2008; Vilà and others 2011) . Higher soil N-availability can lead to either increases or decreases in decomposition rates depending on other factors, such as litter quality (Hobbie 2000; Knorr and others 2005; Craine and others 2007) . Secondly, increases in N-availability can alter soil microbial functioning, for example by reducing the fungal/bacterial ratio (de Vries and others 2006) and shifting bacterial community composition (Ramirez and others 2012; Leff and others 2015) . Such changes in composition have been linked to both higher (Wardle and others 2004) and lower (Ramirez and others 2012) litter decomposition rates. Finally, invasive N-fixers can affect decomposition rates by altering litter quality. This occurs due to the higher N-content of their own litter (Liao and others 2008) , but also due to an increase in the N-content of co-occurring species litter following increased soil N-availability (Xia and Wan 2008; Lu and others 2011) . This effect may be stronger for co-occurring exotic species than co-occurring native species, due to greater trait plasticity (Davidson and others 2011; Peltzer and others 2016) . Many studies focus on litter quality, particularly litter C/N ratio, as the most important driver of decomposition rates (for example Taylor and others 1989; Aerts 1997; PerezHarguindeguy and others 2000) , and increases in litter N-content are likely, but not certain, to increase decomposition rates (Perez-Harguindeguy and others 2000; Hobbie 2015) . However, other drivers may also be important, particularly in the context of N-fixer invasions. To date, we have little knowledge of how the decomposition rates of cooccurring species change as invasive N-fixers increase in density, or of the mechanisms that drive these changes.
Management of invasive N-fixing species often involves removal of the invader, yet invader impacts on ecosystem properties and processes may persist following removal, resulting in a long-term legacy (Corbin and D'Antonio 2012) . For example, soil Navailability can remain elevated for 14 years following removal of an invasive N-fixer (Von Holle and others 2013), but the consequences of this for many ecosystem processes such as decomposition are unresolved (Corbin and D'Antonio 2012) . Legacy effects of invaders on decomposition rates are likely also driven by shifts in plant community composition that frequently occur following invader removal. For example, exotic nitrophilic grasses rather than native species often dominate areas where invasive woody plants, such as Scotch broom (Cytisus scoparius, L.) (Williams 1998; Grove and others 2015) and Pinus contorta (Dickie and others 2014) , have been removed. The potentially higher trait plasticity of these exotics, compared to co-occurring native species (Davidson and others 2011) , suggests they may respond to higher soil N-availability with a greater increase in litter N concentrations than natives (Peltzer and others 2016) . The combination of both biological and biogeochemical legacy effects may ultimately result in permanently altered rates of decomposition and nutrient cycling, thereby giving rise to alternative stable states or ''novel'' ecosystems (Norton 2009 ). This could have negative implications for biodiversity and severely impede efforts to restore native ecosystems (Corbin and D'Antonio 2012) .
Here, we aim to understand how the density of the widespread invasive N-fixer Scotch Broom (Cytisus scoparius L., hereafter broom) impacts soil properties, litter quality and decomposition rates of co-occurring native and exotic species in a New Zealand montane ecosystem and whether those impacts persist following broom removal. Broom is an effective N-fixer, deriving up to 81% of the N in its aboveground tissue from the atmosphere (Watt and others 2003) . It is native to Europe, Central Asia and West Africa and is a widespread weed in New Zealand, the USA, Australia, Canada, Chile and South Africa (Parsons and Cuthbertson 1992; Peterson and Prasad 1998; Bellingham and others 2004) . Specifically, we empirically tested four interlinked hypotheses:
1. Broom invasion will influence decomposition rates of co-occurring species, with stronger impacts as density increases. 2. The net direction of changes in decomposition rates will depend on the strength of different drivers and the extent to which they are affected by broom invasion. Specifically, we predict that changes in soil chemical properties (for example higher N-availability) will decrease decomposition rates, but that a shift to a bacterially dominated soil microbial community and an increase in litter quality (that is lower C/N ratios) of cooccurring species will increase decomposition rates. 3. Co-occurring exotic species will show greater increases in litter quality, that is lower litter C/N ratios, and decomposition rates with increasing broom density than co-occurring native species; 4. These changes will persist over the long-term (six years) despite broom removal. The field experiment consisted of 20 permanently marked 20 m 9 20 m plots, spaced at least 50 m apart and included the full range of broom abundance encountered at the site (aboveground broom mass ranged from 0 to 6.65 kg m -2 ). To locate plots randomly but to include the full gradient of broom abundance, we ran transects crossing areas of high and low density of broom, placing plot locations every 50 m and making preliminary density estimates of broom cover. These transects also included uninvaded areas of intact native vegetation. Four of the eight highest density broom plots received a broom removal treatment that was initiated in November 2008 and repeated in November 2011 by cutting aboveground broom stems to within 1 cm of the ground level and removing this material from the plot. Cut broom stems were immediately painted with the herbicide triclopyr 600 EC (200 ml l To test the ecosystem legacy of broom invasion, we compared four low broom density plots (mean broom density in 2014 = 0.04 ± 0.007 kg m -2 ) and four high broom density plots (mean broom density in 2014 = 4.8 ± 0.13 kg m -2 ) with the high broom density plots that received the removal treatment (mean broom density prior to removal in 2008 = 5.73 ± 0.42 kg m -2 ).
METHODS

Study Site and Field Experiment
Invader Impacts on Decomposition via Changes to Soil
Experimental Design
Four controlled laboratory bioassay experiments were used to determine how litter decomposition rates were related to broom density and removal and to investigate the relative importance of differences in litter quality and soil properties. A litter quality experiment was designed to determine how changes in litter quality independently affected decomposition rates of litter and whether effects varied with co-occurring species identity. To do this, litter from each of four grass species (A. capillaris, A. odoratum, C. flavescens subsp. Brevis and P. colensoi) was collected from each plot across the broom density gradient and decomposed on a standardised soil (n = 80). The soil consisted of a homogenised mix of an equal volume of soil from five plots with medium broom density (2.2 ± 0.2 kg m -2 ). This soil was chosen as it was most likely to represent the range of edaphic conditions found across the site.
A soil property experiment aimed to determine how changes in soil properties independently influenced litter decomposition rates, and consisted of decomposing a standardised litter on soil sampled from each plot across the density gradient (n = 20). Dactylis glomerata L. litter was used as the standardised litter as it is a widespread invasive grass species in New Zealand that is present, but rare, at our study site, avoiding any confounding effects of home-field advantage (Ayres and others 2009). Senesced leaves of ten D. glomerata plants were collected from a grassland in Lincoln, New Zealand. Litter was air-dried and homogenised.
A litter + soil experiment was carried out to determine the net effects of broom-associated changes in litter quality and soil properties on decomposition rates. This experiment used litter from each of the four grass species (A. capillaris, A. odoratum, C. flavescens subsp. Brevis and P. colensoi) collected from each plot across the density gradient, decomposed on soil collected from the same plot (n = 80).
Finally, a reciprocal transplant experiment aimed to test how litter quality, soil properties and plant species identity interacted to affect decomposition rates across high broom density, low broom density and broom removal plots. It consisted of a fully factorial reciprocal design, where litter from each of the four grass species (A. capillaris, A. odoratum, C. flavescens subsp. Brevis and P. colensoi) was collected from each of the high broom density plots (n = 4), low broom density plots (n = 4) and broom removal plots (n = 4), and decomposed on soil collected from each of these plots (n = 144).
Soil and Litter Collection
Representative soil samples for the bioassays were taken from each plot by pooling five soil sub-samples (depth 10 cm, diameter 8 cm) collected from the centre of each plot and four orthogonal points 5 m from the centre. Fresh soil was sieved to 4 mm and stored at 4°C prior to analyses. KCl extractable N concentration (NO 3 --N and NH 4 + -N) was determined colorimetrically in a segmented flow stream using an AutoAnalyser (Seal-Analytical). Net N-mineralisation rate was measured as the release of mineral N after incubation of soil samples (5 g) for 14 days at 25°C (Ross 1992) . Soil moisture content, water-holding capacity (WHC) and pH (1:2.5, soil/water) were also determined for each soil sample. Litter of each of the four grass species (A. capillaris, A. odoratum, C. flavescens subsp. Brevis and P. colensoi) was collected from each plot. For each species, at least 10 g of senesced leaves was collected from at least five individual plants. Due to the timing of collection, the majority of senescent material available from A. odoratum was stem litter and not leaf litter, so stem litter was used for all analyses of this species. All litter was processed in the same way as the standardised litter described above (that is air-dried and homogenised). Litter C and N concentrations were measured on ground samples using an automated Dumas procedure on a Vario EL analyser (Elementar).
Microbial Community Analysis
We used phospholipid fatty acid (PLFA) analyses to characterise the soil microbial community, following methods described by Bardgett and others (1996) based on the methods of Bligh and Dyer (1959) . We characterised the soil microbial community into broad microbial groups by summing the PLFAs (measured in lg g (Bardgett and others 1996; Frostegard and Baath 1996; Paul and Clark 1996; Zelles 1999; Waldrop and Firestone 2004) . We calculated a gram-positive/gram-negative ratio and a relative measure of the fungal/bacterial ratio by dividing the main fungal PLFA marker (18:2w6,9c) by the sum of all bacterial PLFA markers.
Incubation Method
Decomposition rates were measured using standardised laboratory bioassays based on Wardle and others (2002) . A 10-g dry weight equivalent soil sample, amended to a moisture content of 60% WHC, was placed in a 9-cm-diameter Petri dish. Nylon mesh (1 mm) was placed over the soil, and 0.3 g of air-dried leaf litter, cut into 10-mm fragments, was added. A sub-sample of leaf litter (0.5 g) was oven-dried at 60°C for 48 h and reweighed. The equivalent oven-dry mass of the 0.3-g air-dried litter was used in all calculations. The Petri dishes were two-thirds sealed with tape and one-third sealed with Parafilm, this reduced moisture loss but allowed for gas exchange. Sealed Petri dishes were weighed and incubated at 22°C for 35 weeks, with soil moisture levels being regularly re-adjusted using de-ionised water. Upon harvest, all remaining litter was cleaned, dried at 60°C and weighed to determine dry mass remaining. Decomposition rate was determined as the percentage mass lost during incubation.
Data Analysis
All analyses were conducted in R (version 3.2.1). Relationships of broom density to soil properties, litter quality of each individual species and decomposition rates were analysed using regression. For each response variable, we tested linear, log-linear, quadratic and a Gaussian log-link generalised linear model, selecting the model with the lowest AIC (Akaike information criterion) value. For soil inorganic N concentrations, assumptions of normality and homoscedasticity were breached in all cases so a log 10 (y) transformation was applied. A principal component analysis of proportional PLFA data was conducted using the rda function in R package VEGAN. The first PCA axis (PC1) explained 76% of the variation and a broken stick analysis using the PCAsignificance function in R package BiodiversityR showed this was the only significant axis. Best subsets multiple regression using the exhaustive search method of the regsubsets function from the Leaps R package and BIC as model selection criteria was used to determine which soil variables (N-mineralisation rate (log 10 transformed due to non-normality), pH, WHC, fungal/bacterial ratio, Gram-positive/gram-negative bacterial ratio, and total PLFA) best explained the relationship between the decomposition rate of the standard substrate and the change in soil properties associated with increasing broom density (that is the soil properties experiment). Soil inorganic N concentrations and the PC1 axis of the PCA were left out of the multiple regression analysis due to co-linearity with other variables; however, when the PC1 axis was included in the model instead of the fungal/bacterial and gram +/gram-bacterial ratios, the same best subset of variables was produced (that is net N-mineralisation rate; Table S1 ).
One-way analysis of variance and Tukey HSD post hoc tests were used to analyse the differences in mean litter qualities, soil properties and decomposition rates between high broom density, low broom density and broom removal plots. A factorial ANOVA was used to assess the main and interaction effects of soil origin (that is soil collected from high broom density, low broom density or broom removal plots), litter origin (that is litter collected from high broom density, low broom density or broom removal plots) and species identity (that is species from which litter was collected) on decomposition rates in the reciprocal transplant experiment. Log 10 (y) transformations were used if assumptions of normality or homoscedasticity were violated. Welch ANOVA tests and Games-Howell post hoc tests were used if ANOVAs still violated assumptions following transformations.
RESULTS
Broom Density
Soil Chemical Properties, Soil Microbial Community and Litter Quality Soil inorganic N concentrations and net N-mineralisation rate both demonstrated strong nonlinear positive relationships with broom density (GLM, Gaussian log-link, (y + 1) broom density, intercept = 0.08 ± 0.17 (standard error), broom density = 0.39 ± 0.03, t = 11.34, p < 0.001, Figure 1a ; and log 10 (y + 0.1) = -0.61 + 0.51 * broom density; adj. R 2 = 0.75, p < 0.001, df = 14, Figure 1b , respectively). Soil inorganic N ranged from less than 0.03 mg N kg soil -1 (0.03 mg N kg soil -1 = detection limit) at low broom density to 129.4 mg N kg soil -1 at high broom density, whereas soil net Nmineralisation rate ranged from less than 0.03 to 10.2 mg N kg soil -1 day -1 . Soil pH had a negative quadratic relationship with broom density (y = 4.95 + 0.06 * broom density -0.04 * (broom density) 2 , adj. R 2 = 0.63, df = 13, p = 0.001; Figure 1c) and ranged from 5.26 at low broom density to 4.35 at high broom density.
The fungal/bacterial ratio and scores along the first principal component axis (PC1) of PLFA Invader Impacts on Decomposition via Changes to Soil composition decreased linearly with broom density (y = 0.11-0.01 * broom density; adj. R 2 = 0.40, p < 0.01, df = 14, Figure 1d ; and y = 0.075-0.039 * broom density; adj. R 2 = 0.57, p < 0.001, df = 14, Figure 1e , respectively), whereas the gram-positive/gram-negative bacterial ratio showed a significant nonlinear decrease (GLM, Gaussian loglink, y broom density, intercept = -0.29 ± 0.03, broom density = -0.04 ± 0.01, t = -3.99, p = 0.001; Figure 1f ). In contrast, total PLFA, total bacterial PLFA and total fungal PLFA did not vary significantly with broom density.
The litter C/N ratios of all species significantly decreased with broom density, although the form of the relationship varied. A. capillaris and C. flavescens both showed nonlinear quadratic relationships (y = 86.46-19.70 * broom density + 2.06 * (broom density) 2 , adj. R 2 = 0.67, df = 13, p < 0.001, Figure S1a ; and y = 151.36-25.20 * broom density + 3.56 * (broom density) 2 , adj. R 2 = 0.28, df = 13, p < 0.05 Figure S1b, respectively), A. odoratum also demonstrated a nonlinear decrease (GLM, Gaussian log-link, y broom density, intercept = 4.89 ± 0.08, broom density = -0.14 ± 0.04, t = -3.51, p = 0.004; Figure S1c), whereas P. colensoi showed a linear decrease (y = 81.50-7.76 * broom density, adj. R 2 = 0.55, p = 0.001, df = 14; Figure S1d) . Overall, A. capillaris and P. colensoi showed lower mean C/N ratios (63.4 ± 5.8 and 66.6 ± 5.0, respectively) than A. odoratum (103.8 ± 9.1) and C. flavescens (129.2 ± 7.4) (F = 20.32, p < 0.0001). The C/N ratio of the standardised litter (D. glomerata) was 45.
Decomposition Rate
Despite significant decreases in litter C/N ratios for all species along the broom density gradient (Figure S1 ), decomposition rates of these litters did not change when decomposed on a standard soil (litter quality experiment; A. capillaris, p = 0.74; A. odoratum, p = 0.98; C. flavescens, p = 0.77; P. colensoi, p = 0.50). However, when a standard litter was decomposed on soil collected from across the broom density gradient (soil properties experiment), its decomposition rate showed a strong nonlinear negative relationship with broom density (GLM, Gaussian log-link, y broom density, intercept = 4.35 ± 0.06, broom density = -0.08 ± 0.03, t = -3.30, p = 0.005; Figure 2a) ; the standard litter showed a mass loss of 92.9% on soil collected from low broom density plots but only 48.7% on soil from plots having high broom density. Net N-mineralisation rate was the best predictor of this decrease in decomposition rate (y = 76.80-29.26 * broom density, adj. R 2 = 0.43, p < 0.01, df = 14; Figure 2b and Table S1 ). In the litter + soil experiment, where each species' litter collected from across the broom gradient was decomposed on soil collected from the same plot, decomposition rates were similar along the broom density gradient (A. capillaris, p = 0.94; A. odoratum, p = 0.82; C. flavescens, p = 0.32; P. colensoi, p = 0.64).
On average, C. flavescens litter had significantly lower mean decomposition rates (36.3 ± 2.5) than litters of all other species: A. capillaris (44.2 ± 2.0), A. odoratum (44.6 ± 2.0) and P. colensoi (52.9 ± 2.5) (F = 11.13, p < 0.0001).
Broom Removal
Soil Chemical Properties, Soil Microbial Community and Litter Quality
Most soil, microbial and litter responses on broom removal plots were intermediate to values observed in the low broom and high broom density plots (Table 1) . However, soil net N-mineralisation rates and inorganic N concentrations were significantly higher, and litter C/N ratios of A. capillaris and C. flavescens were significantly lower on broom removal plots compared to low broom density plots and showed no significant difference compared to high broom density plots (Table 1) . A similar pattern was observed with soil pH, mean fungal/bacterial ratios and litter C/N ratios of A. odoratum, but these differences were only marginally significant (Table 1) . Fungal, bacterial and total PLFAs did not respond to either increased broom density or broom removal. The gram+/gram-bacterial ratios and litter C/N ratios of P. colensoi were significantly lower on high broom density plots compared to low broom density plots (Table 1) .
Litter Decomposition
Despite shifts in mean litter C/N ratio for all species in relation to both broom invasion and removal (Table 1) , there were no differences in mean decomposition rates of these litters on a standard soil (litter quality experiment; A. capillaris, F = 0.16, p = 0.86; A. odoratum, F = 0.48, p = 0.64; C. flavescens, F = 1.05, p = 0.40; P. colensoi, F = 0.86, p = 0.46). In contrast, the standardised litter had much lower decomposition rates on soils from either high broom density plots (53.3 ± 2.8%) or broom removal plots (53.4 ± 2.7%) than on soil from low broom density plots (84.3 ± 5.9%; F = 19.1, p < 0.001; Figure 3a ; soil properties experiment). When litter collected from each species across low broom density, high broom density and broom removal plots was decomposed on soil from the same plot (litter + soil experiment), they showed no significant differences in decomposition rates (A. capillaris, F = 0.96, p = 0.42; A. odoratum, F = 0.15, p = 0.86; C. flavescens, F = 1.88, p = 0.21; P. colensoi, F = 0.20, p = 0.82). Soil origin and species identity were the only significant factors that controlled decomposition rates in the reciprocal transplant experiment (Table S2) ; no significant interactions were found. Mean litter decomposition rates were on average significantly lower on soil from high broom density plots (35.4 ± 1.7) compared to soil from low broom density plots (49.0 ± 2.6) and broom removal plots (44.9 ± 1.9; F = 13.94, p < 0.0001; Figure 3b ). The mean decomposition rate of P. colensoi litter (53.1 ± 2.7) was on average significantly higher than A. capillaris (40.0 ± 2.1) A. odoratum (42.3 ± 2.7) and C. flavescens (37.0 ± 2.3; F = 9.42, p < 0.0001; Figure 3c ).
DISCUSSION
Most studies focus on litter quality, particularly litter N-content, as the main driver of decomposition rates; here, we show that edaphic conditions may be more important in the context of N-fixer invasions. In our study, broom invasion substantially increased soil N-availability and this impact persisted, even 6 years post-broom removal. Of the soil properties measured, N-mineralisation rate appeared to be the best predictor of decomposition rates (Figure 2b) , suggesting that the increasing soil N-availability associated with increasing broom Figure 2 . Relationships between decomposition of a standardised litter and A broom density, and B net soil Nmineralisation rate (log10 transformed) (soil properties experiment). Shaded regions represent 95% CIs. density may be constraining litter decomposition. We also found that ecosystem impacts did not scale linearly with invasive plant density. Together these findings imply that heavily invaded areas may be experiencing larger and more permanent changes in ecosystem processes than currently expected, particularly in regard to reducing decomposition rates. Litter decomposition is a crucial process in biologically important nutrient cycles, and a reduction in decomposition rates is likely to alter the availability of key nutrients for plant growth, with implications for plant community composition, along with potentially increasing C sequestration in soil.
Broom Impacts on Decomposition Rates
Evidence that invader mediated changes to soil properties, particularly net N-mineralisation rate, were important in reducing decomposition rates comes from the soil properties experiment, where decomposition rates of the standard litter declined strongly as broom density increased (Figure 2a) , and from the reciprocal transplant experiment, where soil from high broom density plots was associated with lower decomposition rates across all co-occurring species compared to soil from low broom density plots (Figure 3b ). There are various mechanisms by which increasing soil N-availability can constrain decomposition rates, including direct suppression of ligninolytic enzyme activity (Gallo and others 2004; Ramirez and others 2012) ; the alleviation of microbial N requirements and consequent reduction in microbial N-mining of recalcitrant compounds, such as lignin (Craine and others 2007; Talbot and Treseder 2012) ; or a shift in microbial community composition as lignin decomposers become out-competed by microbes with high N-assimilation efficiency and cellulolytic capability (Couteaux and others 1995; Talbot and Treseder 2012) . The shift in the soil microbial community, with an increase in bacteria over fungi ( Figure 1d ) and gram-negative over gram-positive bacteria (Figure 1f) , is indicative of a change to b Figure 3 . Variation in decomposition (% mass loss) for A standardised litter response to soil origin (soil properties experiment), B litter across four co-occurring grass species response to soil origin (reciprocal transplant experiment) and C individual grass species in the reciprocal transplant experiment (Ac = A. capillaris, Ao = A. odoratum, Cf = C. flavescens, Pc = P. colensoi). Asterisks indicate significant difference from other means at p < 0.01 (Tukey HSD post hoc test). Box-and-whisker plots show individual data points, means, SEs and range of data.
faster cycling of N and raise the possibility that a guild of microbes, such as ''N-miners'' adapted to extremely low N-availability (<0.03 mg kg soil -1 ), may be out-competed and extirpated as soil Navailability increases due to broom invasion. It was, however, net N-mineralisation rate that best explained the decrease in decomposition rate, not indicators of the microbial community. This suggests that increasing N-availability may also be directly suppressing enzyme activity or altering microbial N requirements.
Litter C/N ratios were a poor predictor of decomposition rates in our study. This was unexpected as lower litter C/N ratios, such as those we observed in relation to broom invasion, are generally associated with higher decomposition rates (Perez-Harguindeguy and others 2000). Nevertheless, some N-addition experiments have also found no relationship between litter C/N ratios and decomposition rates (Knorr and others 2005; Knops and others 2007) , whereas others have even reported reduced decomposition rates in relation to higher litter N concentrations (Van Diepen and others 2015) . Increases in litter N concentrations can be accompanied by decreases in the concentrations of other important nutrients, including Ca, Mn and P, which may explain the reduced decomposition rates of these higher-N-content litters (Hobbie 2015; Van Diepen and others 2015) . Such limitation of decomposition by other elements than N may also account for the lack of a relationship between litter C/N ratios and decomposition rates in our study. Furthermore, this could override the negative effect of increasing soil Navailability and therefore explain the lack of a relationship between litter decomposition and broom density in the litter + soil experiment.
Invader Density/Impact Relationships
Many of the relationships between invader density and various ecosystem properties were nonlinear, in line with other recent studies (Dickie and others 2011; Elgersma and Ehrenfeld 2011) , strongly contradicting the current widespread assumption that invasive plant impacts are proportional to invader density (Parker and others 1999; Yokomizo and others 2009 ). This underlines the need to move away from end-point comparisons of invasive species abundance towards gradient analyses. Soil inorganic N concentrations, net N-mineralisation rate and pH all followed high-threshold densityimpact curves (Yokomizo and others 2009) in response to increasing invader density (Figure 1a-c) , whereby impact increases slowly at low invader density but rapidly at higher densities. As a consequence, at high invader densities, small changes in density result in large differences in impact. Should this type of density-impact relationship be common amongst other invasive N-fixer species, then it could explain some of the variation across studies that do not account for invader density. Conversely, the litter C/N ratios of A. capillaris, A. odoratum and C. flavescens all showed low-threshold density-impact curves ( Figure S1a-c) , whereby impact increases rapidly at low invader density levels. This may be because the additional inorganic N added to the soil at low broom density levels is rapidly acquired by co-occurring species. These findings imply that low levels of N-fixing invader density may have disproportionately large impacts on co-occurring species traits, in line with findings from other studies (Peltzer and others 2009; Elgersma and Ehrenfeld 2011) . Native and exotic grass species responded in broadly similar ways to broom density, with the native grass P. colensoi showing a higher decomposition rate than the two exotic species in the reciprocal transplant experiment, contrary to our expectations. This suggests that species provenance may not necessarily be a useful indicator of the responses of co-occurring species to N-fixer invasions.
Broom Legacy Effects
Invader removal seems to have led to a slight recovery in ecosystem properties, as most soil properties and litter C/N ratios showed values intermediate to those measured on high and low broom density plots (Table 1) . These intermediate values, however, were frequently not significantly different from those on high broom density plots. Litter decomposition rates partially recovered, with all co-occurring species showing very similar mean decomposition rates on broom removal soil and low broom density soil in the reciprocal transplant experiment (Figure 3b ). The standard litter in the soil properties experiment, however, showed the opposite pattern, with equally reduced rates of decomposition on broom removal and high broom density soils compared to low broom density soils (Figure 3a) . The discrepancy of results from these two experiments may be related to a combination of factors. Firstly, the standard litter had a C/N ratio of 45, whereas the other litters had mean C/N ratios of 63-129; secondly, the different plot types had variable microbial communities and N-availabilities (Table 1 ). The combination of these differences could have led to altered decomposer succession trajectories and ultimately divergent decomposition rates (Hobbie 2005) . Other plant traits, such as litter lignin/N ratio, may also be driving litter decomposition rates, particularly of more recalcitrant litters (Taylor and others 1989) . Additionally, the standard litter was rare across our plots in comparison with the other species litters, suggesting microbial adaptation to litter type may have modified results (Ayres and others 2009) . The expectation would then, however, be that the litter from the more common species would decompose more rapidly than litter from the rarer species (Ayres and others 2009), which was not the case.
The lack of recovery in ecosystem N pools and fluxes that we observed six years after invasive Nfixer removal conforms to findings from previous studies (Von Holle and others 2013; Grove and others 2015) . The longevity of such ecosystem Nenrichment is currently unknown, although higher N-availability has been detected 14 years after stands of another invasive N-fixer, Robinia pseudoacacia, were removed by a hurricane in the North-eastern US (Von Holle and others 2013). The soil microbial community also did not fully recover following broom removal (Table 1) . These longterm legacies of broom invasion are likely to have important implications for other ecosystem properties, including potentially higher rates of primary productivity and reductions in biodiversity in response to higher N-availability.
CONCLUSION
The relationship between invader density and impact varied from linear to quadratic and exponential, depending on the impact being measured. This emphasises the need to quantify invader density to enable better comparison across studies and therefore facilitate invasive species management. The partial recovery of some ecosystem processes, including litter decomposition rates, following high-density broom removal, suggests this may be an effective management strategy. However, due to the long-term persistence of augmented ecosystem N pools and fluxes following broom removal we recommend prioritising broom removal before it attains high densities (>2 kg m -2 ). The decreases in decomposition rates and increases in ecosystem N pools and fluxes associated with N-fixer invasion in our study may increase soil carbon sequestration and primary productivity, while potentially decreasing biodiversity. If similar impacts occur in the many other ecosystems invaded by N-fixers worldwide then the implications for global nutrient cycling rates and biodiversity levels could be substantial. Nevertheless, our primary finding was that changes in soil properties associated with N-fixer invasion, particularly increasing N-availability, resulted in a soil environment that reduced decomposition rates of co-occurring species, whereas changes in litter quality had little effect. As far as we are aware, this is the first study to reveal the importance of this mechanism in driving invasive plant impacts on litter decomposition rates.
